
Quark Flavor Physics @ LHCb

Mike Williams
on behalf of the LHCb Collaboration

Department of Physics & Laboratory for Nuclear Science
Massachusetts Institute of Technology

Fermilab LQCD Workshop
March 7, 2014



Mike Williams LQCD   | 2

❖           : compare Br vs SM;

❖ Δφ     : compare φ vs SM or from trees vs loops;

❖ Lorentz structure: compare angular distributions vs SM.

LHCb Overview
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LHCb is performing precise tests of the SM, and searching for physics 
beyond the SM, by studying rare and CP-violating decays of b and c hadrons.  

There are no tree-level FCNCs in the SM; FCNCs require loops.

TeV-scale particles can make significant contributions here:

LHCb is also doing W,Z,t,..., physics, studying exotic spectroscopy, searching 
for rare τ decays, etc, etc, etc.  We now have over 170 papers!
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Flavor Physics @ the LHC
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gg ! bb̄

❖ Large cross section;

❖ Access to all b-flavored hadrons;

❖ large b-hadron flight distances O(1 cm).

Advantages of B physics @ the LHC:

❖ High track multiplicity;

❖ BKGD rate ~200x bigger than signal rate!

Challenges of B physics @ the LHC:

One trillion bb pairs produced @ LHCb so far!
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LHCb Detector
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LHCb is a FWD Spectrometer (2 < η < 5)

RICH

stuff
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15 MHz 1 MHz 5 kHz

LHCb Trigger
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We can “only” read out the detector at 1 MHz; thus, a hardware trigger is 
required.  The basic trigger strategy is

❖hardware requires “large” ET in CALOs or “large” PT in the muon stations, 
along with low multiplicity;

❖ software runs ~30k PROCs (giving it 30 ms/event) to reduce the rate by 
~200.   It uses a combo of simple and inclusive BDT-based selections to 
produce a nearly 100% pure bb sample.

LHCb-DP-2012-004 [arXiv:1211.3055]
V.Gligorov & MW, JINST 8, P02013 (2013). [arXiv:1210.6861]
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b → s  Penguins
The b → s “penguin” (FCNC) decays are an excellent 
laboratory for looking for BSM physics.  The loop 
suppression in the SM makes it possible for BSM 
contributions to have sizable effects. 

BSM can alter Lorentz Structure

The B(s) → K(φ)μμ family of decays are all accessible at LHCb and provide 
many sensitive observables (accessible via angular analysis) to measure.

LQCD   |

SM calculations need 
B→K form factors
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Bd → K*μ+μ-

Requires NP > ~15-50 TeV in (sb)V-A(μμ) for unit couplings!

2011 Data Only!  3x stats in hand.
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Ω=angular observable
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Bd → K*μ+μ-
2011 Data Only!  3x stats in hand.
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Requires NP > ~15-50 TeV in (sb)V-A(μμ) for unit couplings!
Bobeth,Hiller,van Dyk,Wacker [1111.2558]
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Bd → K*μ+μ-
New more theoretically precise observable:

2011+2012 (3x stats) expected late spring/early summer!

BSM?
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Bd → K*μ+μ-
New more theoretically precise observable:

2011+2012 (3x stats) expected late spring/early summer!

BSM?
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Bs → φμ+μ-

2011+2012 (3x stats) expected later this year!

2011 Data Only!  3x stats in hand.
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FIG. 1. Observables for the decays B0 ! K⇤0µ+µ� (upper two rows) and B0
s ! �µ+µ� (bottom row; untagged averages

over the B̄0
s and B0

s distributions). The solid curves show our theoretical results in the Standard Model; the shaded areas give
the corresponding total uncertainties (with and without binning). The dashed curves correspond to the new-physics fit result
C9 = CSM

9 � 1.1, C0
9 = 1.1 (the uncertainties of the dashed curves are not shown for clarity). We also show our averages of

results from the CDF, LHCb, CMS, and ATLAS experiments [26, 50–52, 54] (note that S(LHCb)
4 = �S4 and P 0(LHCb)

4 = �P 0
4).

CNP
9 + C 0

9 < 0. For our analysis, the problem is that
resonant contributions have non-zero phases and could
in principle also interfere destructively with the nonres-
onant amplitude, perhaps causing the observed deficit in
the B0 ! K⇤0µ+µ� and B0

s

! � µ+µ� branching frac-
tions. More precise experimental results for these decays,
with smaller bin sizes, could help clarify this situation.
The baryonic decay ⇤

b

! ⇤(! p+⇡�)µ+µ� [62–64] can
also provide new constraints on C9 and C 0

9.
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b → sμ+μ-
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Bd → Kμ+μ-
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Figure 3. Dimuon forward-backward asymmetry, AFB, and the parameter FH for B+! K+µ+µ�

as a function of the dimuon invariant mass squared, q2. The SM theory prediction (see text) for
FH is given as the continuous cyan (light) band and the rate-average of this prediction across the
q2 bin is indicated by the purple (dark) region. No SM prediction is included for the regions close
to the narrow cc resonances.

Performing the angular analysis over the full 0.05 < q2 < 22GeV2/c4 range, after

removing the J/ and  (2S) resonance regions, gives AFB = �0.01 +0.03
�0.02

+0.01
�0.01 and FH =

0.02+0.07
�0.02

+0.01
�0.01. A naive average of the measurements in the seven q2 bins yields a slightly

larger value of FH, a result of the boundary condition (|AFB|  FH/2) and the requirement

that FH remain positive in the fits to the individual q2 bins.

6 Systematic uncertainties

For the di↵erential branching fraction measurement, the largest source of systematic un-

certainty comes from an uncertainty of ⇠ 4% on the B+ ! K+J/ and J/ ! µ+µ�

branching fractions [30]. The systematic uncertainties are largely correlated between the

q2 bins. The uncertainties coming from the corrections used to calibrate the performance

of the simulation to match that of the data are at the level of 1�2%. The uncertainties on

these corrections are limited by the size of the D⇤+! D0(! K�⇡+)⇡+ and J/ ! µ+µ�

control samples that are used to estimate the particle identification and tracking perfor-

mance in the data. The signal and background mass models are also explored as a source

of possible systematic uncertainty. In the fit to the K+µ+µ� invariant mass it is assumed

that the signal line-shape is the same as that of the B+ ! K+J/ decay. In the simu-

lation, small di↵erences are seen in the B+ mass resolution due to the di↵erent daughter

kinematics between low and high q2. A 4% variation of the mass resolution is considered

as a source of uncertainty and the e↵ect on the result found to be negligible.

For the extraction of AFB and FH, the largest sources of uncertainty are associated

with the event weights that are used to correct for the detector acceptance. The event

weights are estimated from the simulation in 0.5GeV2/c4 wide q2 bins (driven by the size

of the simulated event sample). At low q2, the acceptance variation can be large (at

extreme values of cos ✓`) over the q2 bin size. The order of the uncertainty associated
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Figure 2. Di↵erential branching fraction of B+! K+µ+µ� as a function of the dimuon invariant
mass squared, q2. The SM theory prediction (see text) is given as the continuous cyan (light) band
and the rate-average of this prediction across the q2 bin is indicated by the purple (dark) region.
No SM prediction is included for the regions close to the narrow cc resonances.

The branching fractions of B+ ! K+J/ and J/ ! µ+µ� are B(B+ ! K+J/ ) =

(1.014 ± 0.034) ⇥ 10�3 and B(J/ ! µ+µ�) = (5.93 ± 0.06) ⇥ 10�2 [30]. The resulting

di↵erential branching fraction is shown in figure 2.

The bands shown in figure 2 indicate the theoretical prediction for the di↵erential

branching fraction and are calculated using input from refs. [7] and [31]. In the low q2

region, the calculations are based on QCD factorisation and soft collinear e↵ective theory

(SCET) [32], which profit from having a heavy B+ meson and an energetic kaon. In the soft-

recoil, high q2 region, an operator product expansion (OPE) in inverse b-quark mass (1/mb)

and 1/
p
q2 is used to estimate the long-distance contributions from quark loops [33, 34]. No

theory prediction is included in the region close to the narrow cc resonances (the J/ and

 (2S)) where the assumptions from QCD factorisation/SCET and the OPE break down.

The form-factor calculations are taken from ref. [6]. A dimensional estimate is made on the

uncertainty on the decay amplitudes from QCD factorisation/SCET of O(⇤QCD/mb) [35].

Summing the partial branching fractions in the q2 ranges 0.05 < q2 < 8.68GeV2/c4,

10.09 < q2 < 12.86GeV2/c4 and 14.18 < q2 < 22.00GeV2/c4 yields

B(B+! K+µ+µ�)vis = (3.74± 0.13± 0.15)⇥ 10�7 .

The total branching fraction is then estimated to be

B(B+! K+µ+µ�) = (4.36± 0.15± 0.18)⇥ 10�7 ,

by correcting the visible part of the branching fraction for the q2 regions that have been

excluded in the analysis. These q2 regions are estimated to contain 14.3% (no uncertainty

is assigned to this number) of the total branching fraction. This estimate ignores long

distance e↵ects and uses a model for d�/dq2 described in ref. [1] to extrapolate across the

cc resonance region. The values of the Wilson coe�cients and the form-factors used in this

model have been updated according to refs. [36] and [37].

– 5 –

2011 Data Only!  3x stats in hand.
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Figure 1. Invariant mass of selected B+! K+µ+µ� candidates with 0.05 < q2 < 22.00GeV2/c4.
Candidates with a dimuon invariant mass consistent with that of the J/ or  (2S) are excluded.
The peaking background contribution from the decays B+ ! K+⇡+⇡� and B+ ! ⇡+µ+µ� is
indicated in the figure.

rejected to remove contributions from B+ ! D0⇡+. After the application of all of the

selection criteria, the dominant sources of exclusive background are B+ ! K+⇡�⇡+ [26]

and B+ ! ⇡+µ+µ� [27, 28]. These are determined from simulation to be at the level of

(1.5± 0.7)% and (1.2± 0.2)% of the signal, respectively.

4 Di↵erential and total branching fraction

The K+µ+µ� invariant mass distribution of the selected B+ ! K+µ+µ� candidates is

shown in figure 1. The number of signal candidates is estimated by performing an extended

unbinned maximum likelihood fit to theK+µ+µ� invariant mass distribution of the selected

candidates. The signal line-shape is extracted from a fit to a B+! K+J/ (J/ ! µ+µ�)

control sample (which is two orders of magnitude larger than the signal sample), and is

parameterised by the sum of two Crystal Ball functions [29]. The combinatorial background

is parameterised by a slowly falling exponential distribution. Contributions from B+ !
K+⇡+⇡� and B+ ! ⇡+µ+µ� decays are included in the fit. The line shapes of these

peaking backgrounds are taken from simulated events. In total, 1232± 40 B+! K+µ+µ�

signal candidates are observed in the 0.05 < q2 < 22.00GeV2/c4 range. The yields in each

of the q2 bins used in the subsequent analysis are shown in table 1.

The di↵erential branching fraction in each of the q2 bins is estimated by normalising the

B+! K+µ+µ� event yield, Nsig, in the q2 bin to the total event yield of the B+! K+J/ 

sample, NK+J/ , and correcting for the relative e�ciency between the two decays in the

q2 bin, "K+J/ /"K+µ+µ� ,

dB
dq2

=
1

q2max � q2min

Nsig

NK+J/ 

"K+J/ 

"K+µ+µ�
⇥ B(B+! K+J/ )⇥ B(J/ ! µ+µ�) . (4.1)
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Bd → K(*)μ+μ-

2011 Data Only!  3x stats in hand.
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Figure 4: Di↵erential branching fractions of (left) B0! K0µ+µ� and (right)
B+! K⇤+µ+µ�. The theoretical SM predictions are taken from Refs. [22, 23].
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Figure 5: Isospin asymmetry of (left) B! Kµ+µ� and (right) B! K⇤µ+µ�. For
B! K⇤µ+µ� the theoretical SM prediction, which is very close to zero, is shown for
q2 below 8.68GeV/c2, from Ref. [24].

The isospin asymmetries as a function of q2 for B! Kµ+µ� and B! K⇤µ+µ� are301

shown in Fig. 5 and given in Tables 2 and 3. As for the branching fractions, the fit is done302

simultaneously for both the L and D categories where A
I

is a common parameter for the303

two cases. The confidence intervals are also determined by scanning the profile likelihood.304

The significance of the deviation from the null hypothesis is obtained by fixing A
I

to be305

zero and computing the di↵erence in the negative log-likelihood from the nominal fit.306

In summary, the isospin asymmetries of B ! K(⇤)µ+µ� decays and the branching307

fractions of B0! K0µ+µ� and B+! K⇤+µ+µ� are measured, using 1.0 fb�1 of data taken308

with the LHCb detector. The two q2 bins below 4.3GeV/c2 and the highest bin above309

16GeV/c2 have the most negative isospin asymmetry in the B! Kµ+µ� channel. These310

q2 regions are furthest from the charmonium regions and are therefore cleanly predicted311
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Figure 4: Di↵erential branching fractions of (left) B0! K0µ+µ� and (right)
B+! K⇤+µ+µ�. The theoretical SM predictions are taken from Refs. [22, 23].
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Figure 5: Isospin asymmetry of (left) B! Kµ+µ� and (right) B! K⇤µ+µ�. For
B! K⇤µ+µ� the theoretical SM prediction, which is very close to zero, is shown for
q2 below 8.68GeV/c2, from Ref. [24].

The isospin asymmetries as a function of q2 for B! Kµ+µ� and B! K⇤µ+µ� are301

shown in Fig. 5 and given in Tables 2 and 3. As for the branching fractions, the fit is done302

simultaneously for both the L and D categories where A
I

is a common parameter for the303

two cases. The confidence intervals are also determined by scanning the profile likelihood.304

The significance of the deviation from the null hypothesis is obtained by fixing A
I

to be305

zero and computing the di↵erence in the negative log-likelihood from the nominal fit.306

In summary, the isospin asymmetries of B ! K(⇤)µ+µ� decays and the branching307

fractions of B0! K0µ+µ� and B+! K⇤+µ+µ� are measured, using 1.0 fb�1 of data taken308

with the LHCb detector. The two q2 bins below 4.3GeV/c2 and the highest bin above309

16GeV/c2 have the most negative isospin asymmetry in the B! Kµ+µ� channel. These310

q2 regions are furthest from the charmonium regions and are therefore cleanly predicted311
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Bd → K(*)μ+μ-

2011+2012 updates for Moriond:
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Figure 2: Di↵erential branching fraction for B+ ! K+µ+µ� (left) and B0 ! K0µ+µ� (right)
decays. The shaded regions illustrate the theoretical predictions with their uncertainties (see text
for details).
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Figure 3: Di↵erential branching fraction for B+! K⇤+µ+µ� decays. The shaded regions illustrate
the theoretical predictions with their uncertainty (see text for details).

extrapolation, the integrated branching fractions become225

B(B+! K+µ+µ�) = (4.42± 0.07(stat)± 0.26(syst))⇥ 10�7

B(B0! K0µ+µ�) = (3.16± 0.33(stat)± 0.16(syst))⇥ 10�7

B(B+! K⇤+µ+µ�) = (9.11± 0.92(stat)± 0.68(syst))⇥ 10�7,

These measurements are more precise than the current world average [30].226

The B+ ! K+µ+µ�, B0 ! K0µ+µ� and B+ ! K⇤+µ+µ� branching fractions integrated227

over the region of q2 from 15-22GeV2/c4 and 15-19GeV2/c4 for the B! Kµ+µ� decays and the228
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Figure 2: Di↵erential branching fraction for B+ ! K+µ+µ� (left) and B0 ! K0µ+µ� (right)
decays. The shaded regions illustrate the theoretical predictions with their uncertainties (see text
for details).
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extrapolation, the integrated branching fractions become225

B(B+! K+µ+µ�) = (4.42± 0.07(stat)± 0.26(syst))⇥ 10�7

B(B0! K0µ+µ�) = (3.16± 0.33(stat)± 0.16(syst))⇥ 10�7

B(B+! K⇤+µ+µ�) = (9.11± 0.92(stat)± 0.68(syst))⇥ 10�7,

These measurements are more precise than the current world average [30].226

The B+ ! K+µ+µ�, B0 ! K0µ+µ� and B+ ! K⇤+µ+µ� branching fractions integrated227

over the region of q2 from 15-22GeV2/c4 and 15-19GeV2/c4 for the B! Kµ+µ� decays and the228
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decays have been performed using a dataset corresponding to 3 fb�1 of integrated luminosity261

collected by the LHCb detector.262

The isospin asymmetry of both the B! Kµ+µ� and B! K⇤µ+µ� decays is consistent with263

SM expectations. The branching fractions of all three decays, however, lie below SM predictions.264

This is consistent with the B0 ! K⇤0µ+µ� and B0

s

! �µ+µ� branching fractions measured by265

LHCb, which also tend to favour lower values [10, 42, 44].266
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Table 1: The 68% confidence interval on the parameter FH for the decay B0! K0
Sµ+µ� in q2 bins.

In addition to the narrow binning used in the analysis, results are also given in the theoretically
favoured 1.1 < q2 < 6.0 GeV2/c4 bin and a single wide bin at low recoil, 15.0 < q2 < 22.0 GeV2/c4.
The second uncertainty is systematic in nature.

q2( GeV2/c4) FH (stat) FH (syst)

0.1� 4.0 [+0.22, +1.46] ±0.20

4.0� 8.0 [+0.13, +0.85] ±0.08

11.0� 12.5 [+0.20, +1.47] ±0.20

15.0� 17.0 [+0.12, +0.77] ±0.07

17.0� 22.0 [+0.00, +0.58] ±0.04

1.1� 6.0 [+0.32, +1.24] ±0.09

15.0� 22.0 [+0.09, +0.59] ±0.03

The samples of simulated events used to determine the detector acceptance are corrected214

such that the performance of the detector in the simulation matches the data by degrading215

the impact parameter resolution on the kaon and muons by 20%, re-weighting candidates216

to reproduce the kinematic distribution of B+ candidates in the data and re-weighting217

candidates to account for di↵erences in tracking and particle-identification performance.218

Varying these corrections within their known uncertainties has a negligible impact on AFB219

and FH ( <⇠ 0.01).220

The acceptance as a function of cos ✓
l

is determined from simulated events in each bin221

of q2. This assumes that the distribution of events in q2, within the q2 bin, is the same in222

simulation and in data. To assess the systematic uncertainty arising from this assumption223
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uncertainties that might bias the angular acceptance, and uncertainties related to the210

background angular distribution. The background distribution is poorly known, due to211

the small number of background candidates that remain in the upper mass sideband after212

the multivariate selection.213
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LHCb recently observed an unexpectedly large resonant contribution in 
B→Kμμ.   Even the golden modes cannot escape QCD!
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Ψ(4160)

Ψ(4040)?

Need cc components properly included (central values + error budget).

LHCb-PAPER-2013-039 [1307.7595]

B !  (4160)K

µµK

DD0K

We could 
measure 

these ... is it 
helpful? 

Bd → K(*)ψ
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More Penguins
2011 Data Only!  3x stats in hand.
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Figure 3. Invariant mass distribution of B+! ⇡+µ+µ� candidates with the fit projection overlaid
(a) in the full mass range and (b) in the region around the B mass. In the legend, “part. reco.”
and “combinatorial” refer to partially reconstructed and combinatorial backgrounds respectively.
The discontinuity at 5500 MeV/c2 is due to the removal of data used for training the BDT.

reweighted according to the PID e�ciencies derived from data, as described in section 2.2.

This adjusts the B+! J/ K+ invariant mass distribution to remove the e↵ect of the kaon

PID requirement used to isolate B+ ! J/ K+, and to reproduce the e↵ect of the pion

PID requirement used to isolate B+ ! ⇡+µ+µ�. In addition, there is a di↵erence in the

lineshapes of the B+! J/ K+ and B+! K+µ+µ� invariant mass distributions under the

pion mass hypothesis. This e↵ect arises from the di↵erences between the two decay modes’

dimuon energy and hadron momentum spectra, and is therefore corrected by reweighting

B+! J/ K+ candidates in terms of these variables. The M⇡+µ+µ� distribution after both

weighting procedures have been applied is shown in figure 2(b).

3.3 Reconstructed B+! ⇡+µ+µ� and B+! K+µ+µ� candidates

The yield of misidentified B+ ! K+µ+µ� candidates in the B+ ! ⇡+µ+µ� invariant

mass distribution is constrained to the expectation given in section 2.2. Performing the fit

without this constraint gives a yield of 5.6 ± 6.4 misidentified B+! K+µ+µ� candidates.

The yields for the peaking background components are constrained to the expectations

given in section 2.2. For both the M⇡+µ+µ� and MK+µ+µ� distributions, the exponential

PDF used to model the combinatorial background has a step in the normalisation at

5500 MeV/c2 to account for the data used for training the BDT.

The M⇡+µ+µ� and MK+µ+µ� distributions are shown in figures 3 and 4, respectively.

The fit gives a B+! ⇡+µ+µ� signal yield of 25.3 +6.7
�6.4, and a B+! K+µ+µ� signal yield

of 553 +24
�25.

3.4 Cross check of the fit procedure

The fit procedure was cross-checked on B+ ! J/ ⇡+ decays, accounting for the back-

ground from B+ ! J/ K+ decays. The resulting fit is shown in figure 5. The shape of

the combined B+ ! J/ ⇡+ and B+ ! J/ K+ mass distribution is well reproduced. The

B+ ! J/ K+ yield is not constrained in this fit. The fitted yield of 1024 ± 61 candidates

– 7 –
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This is compatible with the SM expectation of (2.0 ± 0.2)⇥10�8 [13]. Given the agree-

ment between the present measurement and the SM prediction, contributions from physics

beyond the SM can only modify the B+! ⇡+µ+µ� branching fraction by a small amount.

A significant improvement in the precision of both the experimental measurements and the

theoretical prediction will therefore be required to resolve any new physics contributions.

Taking the measured B+ ! K+µ+µ� yield and ✏B+!K+µ+µ�/✏B+!⇡+µ+µ� , the ratio

of B+! ⇡+µ+µ� and B+! K+µ+µ� branching fractions is measured to be

B(B+! ⇡+µ+µ�)

B(B+! K+µ+µ�)
= 0.053 ± 0.014 (stat.) ± 0.001 (syst.) .

In order to extract |Vtd|/|Vts| from this ratio of branching fractions, the SM expectation

for the ratio of B+! ⇡+µ+µ� and B+! K+µ+µ� branching fractions is calculated using

the EvtGen package [21], which implements the calculation in ref. [30]. This calculation

has been updated with the expressions for Wilson coe�cients and power corrections from

ref. [31], and formulae for the q2 dependence of these coe�cients from refs. [32, 33]. Using

this calculation, and form factors taken from ref. [34] (“set II”), the integrated ratio of form

factors and Wilson coe�cients is determined to be f = 0.87. Neglecting theoretical un-

certainties, the measured ratio of B+! ⇡+µ+µ� and B+! K+µ+µ� branching fractions

then gives

|Vtd|/|Vts| =
1

f

s
B(B+! ⇡+µ+µ�)

B(B+! K+µ+µ�)
= 0.266 ± 0.035 (stat.) ± 0.003 (syst.),

which is compatible with previous determinations [5–8]. An additional uncertainty will

arise from the knowledge of the form factors. As an estimate of the scale of this uncer-

tainty, the “set IV” parameters available in ref. [34] change the value of |Vtd|/|Vts| by 5.1%.

This estimate is unlikely to cover a one sigma range on the form factor uncertainty, and

does not take into account additional sources of uncertainty beyond the form factors. A full

theoretical calculation taking into account such additional uncertainties, which also accu-

rately determines the uncertainty on the ratio of form factors, would allow a determination

of |Vtd|/|Vts| with comparable precision to that from radiative penguin decays.
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Update to  3/fb  early summer.  With 
theory help can obtain a nice 
measurement of |Vtd|/|Vts|.

Update to  3/fb  early summer.  

TH: Detmold, Lin, Meinel, Wingate [1212.4872]

LQCD   |

Bd→πμ+μ- Λb→Λμ+μ-

LHCb-PAPER-2013-025 [1306.2577]

LHCb-PAPER-2012-020 [1210.2645]



Mike Williams 19

Unitarity Triangle

Amazing progress on Ɣ in the past 
few years, LHCb now has the most 
precise measurement. Improving 
tree-level constraints is still a very 
high priority.
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PROSPECTS FOR FINDING⇤0
b ! pµ�⌫µ

WILLIAM SUTCLIFFE, ULRIK EGEDE

CONTEXT AND MOTIVATION
In the Standard Model the decay ⇤0

b

! pµ�⌫
µ

occurs at tree-level via the weak charged
current interaction. A measurement of the differential rate for this decay together with
theoretical form factor predictions allows a determination of |V

ub

|, which is least known of
the CKM elements.
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f i t t e r[1]

THEORETICAL CHALLENGE
The hadronic matrix element, H

⌫

, for this
decay may be parametrised in terms of six
form factors:

H
⌫
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Theoretical predictions for these form fac-
tors can be made using non-perturbative
techniques such as Light Cone Sum Rules
(LCSR) [2] and Lattice QCD (LQCD) [3].
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No mass peak to fit due to neutrino in decay.
Large backgrounds from b ! c transitions as |V

cb

|2/|V
ub

|2 ⇡ 100.

However, using knowledge of the ⇤0
b

direction:

Can reconstruct the momentum transfer squared, q2, up to a 2-fold ambiguity.

Can form a corrected mass variable from M
corr

= p
T

+
q

p2T +M2
pµ

.

Lab Frame

⇤0
b

~p
pµ

~p
⌫

~pT

~pT

Rest Frame

~p0
pµ

~p0
⌫

~p0
pµ

~p0
⌫ ~pT

~pT

)2Corrected Mass (GeV/c
2 3 4 5 6 7 8

En
tri

es

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
ν-µp→bΛ

,chargedν-µ+cΛ→bΛ

,neutralν-µ+cΛ→bΛ

ν-µp0D→bΛ

ν-µ(2625)+
cΛ→bΛ

ν-µ+N*→bΛ

LHCb Simulation

ISOLATION
A Boosted Decision Tree (BDT) is trained
to distinguish additional tracks from
random tracks.
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PRESELECTION
A preliminary cut-based selection is ap-
plied to select candidate protons and
muons; this includes cuts on the following:

Muon and proton |~p| and pT.

Track and vertex qualities.
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pµ directions.
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Outlook
A measurement of B(⇤0

b

! pµ�⌫
µ

) in
bins of q2 would allow for an exclusive
determination of |V

ub

|.

A search for ⇤0
b

! pµ�⌫
µ

with the full
2011+2012 LHCb dataset is underway.
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current interaction. A measurement of the differential rate for this decay together with
theoretical form factor predictions allows a determination of |V

ub

|, which is least known of
the CKM elements.
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THEORETICAL CHALLENGE
The hadronic matrix element, H
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Theoretical predictions for these form fac-
tors can be made using non-perturbative
techniques such as Light Cone Sum Rules
(LCSR) [2] and Lattice QCD (LQCD) [3].
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with the full
2011+2012 LHCb dataset is underway.
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20Mike Williams

Vub
Measure |Vub|/|Vcb| via B(Λb→pμν)/B(Λb→Λcμν):

Need FF to convert B/B → 
CKM ratio and to 

understand BKGD shapes.

use PV→SV direction to correct for missing ν 
and determine q2 (with 2-fold ambiguity)

LQCD   |

LCSR: Khodjamirian,Klein,Mannel,Wang [1108.2971]
LQCD: Detmold,Lin,Meinel,Wingate [1306.0446]



Mike Williams

Neutral meson oscillations have now been observed in the K, Bd, Bs and D 
systems.  The Bs has the highest oscillation frequency and changes flavor on 
average 9 times between production and decay.
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FCNC

BSM?

Measuring the Bd and Bs oscillations frequencies provides direct constraints on 
the UT and also vital input to many BSM searches, e.g., Bs→μμ and Bs→J/ψφ.

�md,s
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Mike Williams

LHCb achieves a mean decay-time resolution in this mode of 44 fs!

22

�ms = 17.768± 0.023(stat)± 0.006(syst)ps�1

LHCb has also made the most precise measurement of the Bd frequency:

Detector/selection 
efficiency effect

LHCb-PAPER-2013-006 
[arXiv:1304.4741]

�md,s

�md = 0.5156± 0.0051(stat)± 0.0033(syst) ps�1

LQCD   |

LHCb-PAPER-2013-006 
[arXiv:1304.4741]
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�md,s

Best constraints on |Vtd| and |Vts| 
from Δms & Δmd. Unfortunately, 

theory limited so improved 
measurements don’t help.

LHCb data + LQCD 
improvements could really 

help constrain the UT!
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Bd,s→μ+μ-

The SM predicts the Bs decays into two muons once every 3.4B decays 
(1/1.6T pp collisions @ LHCb), but this can be enhanced greatly by BSM.

Very interesting channel to explore NP models with extended Higgs sectors.  
Sensitive to “any” mass scale.  Pre-LHC limits not very restrictive.  

Motivation: Search for New Physics
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• Decays highly suppressed in Standard Model (Buras 2010)

� effective FCNC, helicity suppression

� SM expectation:

B(B0
s ⇤ µ+µ�) = (3.2 ± 0.2) ⇥ 10�9

B(B0 ⇤ µ+µ�) = (1.0 ± 0.1) ⇥ 10�10

� Cabibbo-enhancement (|Vts| > |Vtd|)
of B0

s � µ+µ� over B0 � µ+µ�

only in MFV models

• Sensitivity to new physics
� 2HDM: B ⇥ (tan�)4,mH+; MSSM: B ⇥ (tan�)6

⇤ sensitivity to extended Higgs boson sectors

⇤ Constraints on parameter regions

• B0
s � µ+µ� (and B0 � µ+µ�) considered as golden channel(s)
� high sensitivity to new physics

� (very) small theoretical uncertainties

⇤ comparable in sensitivity to µ � e⇥, B � X⇤⇤̄

Urs Langenegger Search for B0
s ⇤ µ+µ� and B0 ⇤ µ+µ� in CMS (2012/02/28) 2
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LHCb-PAPER-2013-046 
[arXiv:1307.5024]
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Bd,s→μ+μ-

Pre-LHC limits on SUSY not very restrictive.

SM

LQCD   |

TH: David Straub
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Bd,s→μ+μ-

LHCb+CMS 
Excluded

LHC Run III LHCb+CMS will push experimental error < theory.

SM

Both CMS & LHCb report > 4σ evidence.
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Dominant experimental systematic from fs/fd.  
Recent help from MILC [1202.6346]
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Summary
LHCb has performed excellently and produced very nice  results using 1/fb of 
2011 data.   Unfortunately so far we’re the anomaly terminator.

We have 3x the statistics “in hand” with new results expected soon.  Hopefully 
this time we’re the good terminator from the sequel!

LHCb

LQCD   |
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Summary
As our error bars continue to shrink in the coming years as data flows in 
during LHC Run II (and beyond) ...

... we really need theory support so that our measurements continue to 
provide relevant physics constraints. 

LQCD   |
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Basic strategy to measure Bs oscillations: Reconstruct the Bs in a flavor-
specific decay and also tag its flavor at production.

31

�ms

Bs ! Ds⇡

K±
SS Tag

OS Tag µ, e,K, q
vtx

LHCb sees ~34k signal events in 1/fb of data (2011) with an effective tagging 
power of (2.6±0.4)% from OST and (1.2±0.3)% from SST.

LHCb-PAPER-2013-006 
[arXiv:1304.4741]
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